The role of iron and light in controlling photosynthate production and allocation in phytoplankton populations of the Atlantic sector of the Southern Ocean was investigated in April-May 1999. The 14 C incorporation into five biochemical pools (glucan, amino acids, proteins, lipids and polysaccharides) was measured during iron/light perturbation experiments. The diurnal Chl a-specific rates of carbon incorporation into these pools did not change in response to iron addition, yet were decreased at 20 mol photons m À2 s À1 , an irradiance comparable with the one at 20-45 m in situ depth. This suggests that the low phytoplankton biomass encountered (0.1-0.6 g Chl a L À1 ) was mainly caused by light limitation in the deep wind mixed layer (>40 m). Regional differences in Chl a-specific carbon incorporation rates were not found in spite of differences in phytoplankton species composition: at the Antarctic Polar Front, biomass was dominated by a diatom population of Fragilariopsis kerguelensis, whereas smaller cells, including chrysophytes, were relatively more abundant in the Antarctic Circumpolar Current beyond the influence of frontal systems. Because mixing was often in excess of 100 m in the latter region, diatom cells may have been unable to fulfil their characteristically high Fe demand at low average light conditions, and thus became co-limited by both resources. Using a model that describes the 14 C incorporation, the consistency was shown between the dynamics in the glucan pool in the field experiments and in laboratory experiments with an Antarctic diatom, Chaetoceros brevis. The glucan respiration rate was almost twice as high during the dark phase as during the light phase, which is consistent with the role of glucan as a reserve supplying energy and carbon skeletons for continued protein synthesis during the night.
I N T R O D U C T I O N
The Southern Ocean consists of several distinct provinces that differ in many physical and chemical parameters including temperature, minor and major nutrient concentrations, light availability, sea ice formation, currents and vertical mixing ( Jacques, 1989; Boyd, 2002) . Frontal systems, such as the Antarctic Polar Front, are generally characterized by high phytoplankton biomass whereas in other regions, like the Antarctic Circumpolar Current beyond the influence of frontal systems, biomass is low (Lutjeharms et al., 1985; Laubscher et al., 1993; Bracher et al., 1999) . Understanding how marine phytoplankton productivity is controlled is important because algal carbon fixation in the ocean is a link between the atmospheric and oceanic compartment of the global carbon cycle (Falkowski et al., 1998) . Specifically, diatom blooms in the Southern Ocean are assumed to be followed by a significant export flux of carbon out of the euphotic zone and carbon dioxide (CO 2 ) drawdown (De Baar and Boyd, 2000) .
Over the past two decades, iron availability has been identified as a major factor controlling phytoplankton growth in the Southern Ocean. At limiting iron concentrations the functioning of the photosynthetic apparatus and several metabolic processes are affected (Geider and La Roche, 1994) . Differences in iron availability may explain the difference in productivity between frontal systems and other regions of the Antarctic Circumpolar Current during austral spring (De Baar et al., 1995) . Moreover, there are indications of further seasonal progression in the environmental control of phytoplankton (Boyd, 2002) . This commences with irradiance as the sole controlling factor in early spring (Tilzer et al., 1985) . During early summer, in situ measurements combined with modelling suggest that phytoplankton productivity is co-limited by iron and light (Lancelot et al., 2000) . During mid-summer, results of field surveys, mesocosm experiments and an in situ iron fertilization experiment point to iron availability as the crucial factor controlling diatom bloom formation (De Baar et al., 1995; Boyd et al., 2000) . For some regions a simultaneous limitation of iron and silicic acid has been proposed (Franck et al., 2000; Hutchins et al., 2001; Nelson et al., 2001) .
The aim of this study was to investigate the role of iron and light availability for carbon fixation by phytoplankton in the Atlantic sector of the Southern Ocean during austral autumn. Little is known about the environmental controls in this season, yet especially at this time of year blooms may end in mass sedimentation of phytoplankton cells and carbon export (Smetacek, 2000) . We focussed our research on the patterns of photosynthate allocation into five different biochemical pools, including a pool of storage carbohydrates. These carbohydrates play a key role in cell growth in a variable light climate by the provision of energy and carbon skeletons for continued protein synthesis in darkness (Cuhel et al., 1984; Granum and Myklestad, 2001 ). The production of storage carbohydrates is strongly light-dependent and exhibits diel dynamics in healthy growing phytoplankton exposed to a day-night cycle (Hitchcock, 1980; Vårum et al., 1986) . We hypothesize that if cells are iron-limited in the field, addition of iron will lead to an increase in the diurnal carbon incorporation into the pool of storage carbohydrates.
We tested this hypothesis using 24 h mesocosm experiments at two relevant photon flux densities. The experiments were preceded by a one-day adaptation period to added Fe which should be sufficiently long to see a response in phytoplankton photosynthesis rates. Indeed, an increase in the quantum yield of photosynthesis (F v /F m ) has always been observed within a day after Fe addition during in situ fertilization experiments in the Antarctic Ocean (Boyd and Abraham, 2001; Barber, 2002; Gervais et al., 2002) and elsewhere (Behrenfeld et al., 1996) . This increase is directly reflected in the rate of carbon fixation measured by 14 C incubations (Kolber et al., 1994; Maldonado et al., 1999; Davey and Geider, 2001) . The advantage of short incubations over longer ones (days to weeks) is that a potential shift in the phytoplankton community composition is avoided. Therefore, results are indicative of the performance of the resident community.
Photosynthate allocation was determined by biochemical fractionation of incorporated 14 C into different carbon pools. This approach has been introduced in phytoplankton research by Morris et al. (Morris et al., 1974) . For a better isolation of water-extractable storage carbohydrates (glucan), we adapted the method described by Granum and Myklestad (Granum and Myklestad, 2001) . Because this fractionation method had never before been used in the field, we performed additional laboratory experiments with single-species cultures of an Antarctic diatom to study the dynamics in the different fractions and compare 14 C incorporation into glucan with results of chemical analysis (no Fe limitation).
M E T H O D Experimental set-up

Field experiments
Research was conducted during the R.V. 'Polarstern' ANT 16/3 expedition in the Atlantic sector of the Southern Ocean, during April-May 1999. The study area comprised three different provinces: the Antarctic Polar Front, the Antarctic Circumpolar Current beyond the influence of frontal systems, and the marginal ice zone (Figure 1 , Table I ). Seawater was sampled from 60 m depth with a rosette sampler with Kevlar wire at eight stations using trace metal clean techniques; subsamples were taken for cell counts, chlorophyll (Chl) a concentration and total dissolved iron concentration. The seawater samples were incubated under ultraclean conditions in 20 L bottles in a container at ambient temperature (4 ± 2 C) and light regime (12:12 h light:dark) and a photon irradiance of 90 mmol photons m À2 s À1 , with and without addition of 2 nM iron. After an acclimation period of at least a full light-dark period, the response of the phytoplankton over one light-dark period was examined. Control and iron-enriched subsamples were spiked at dawn with 14 C carbonate (2.0-8.9 MBq L À1 ) and incubated in 250 mL polycarbonate bottles at low light (LL, 20 mmol photons m À2 s À1 ) and at high light conditions (HL, 90 mmol photons m À2 s À1 ). For each treatment, five times an entire bottle was sampled at 4-6 h intervals. The total dissolved inorganic carbon (TCO 2 ) concentration was measured in samples taken near the surface or in the upper water column at the same stations.
For the high irradiance, part of the sample was also incubated without the addition of 14 C carbonate for further chemical analysis. At the beginning and the end of the light period, samples were taken for Chl a concentration, the concentration of water-extractable carbohydrates in the particulate fraction, and the monosaccharide composition of these carbohydrates.
Laboratory experiment
Two cultures of the Antarctic diatom Chaetoceros brevis (CCMP 163) were grown separately for several months in filtered (0.2 mm) natural seawater, enriched with major nutrients, trace elements and vitamins in concentrations of Guillard's f/2 medium (Guillard, 1975) , within a controlled 6 ± 2 C cabinet at a 12:12 h light:dark regime. Illumination was provided by a rack of alternating Philips TLD 18W/33 and TLD 18W/96 tubes with an irradiance of 100 mmol photons m À2 s À1 , measured by a Biospherical Instruments (San Diego, CA, USA) QSL-100 light meter. One week before the experiment each culture was used to inoculate 1 L of seawater medium and cultured at the same conditions. These cultures were growing exponentially at a rate (m) of 0.54 ± 0.03 day À1 and at the start of the experiment they reached a density of 768 000 ± 57 000 cells mL À1 . At t = 0, each of the cultures was distributed over six 200 mL glass Erlenmeyer flasks: one for a 'long-term' 14 C incubation, four for 'cumulative short-term' 14 C incubations, and one for a long-term incubation without 14 C addition. The long-term 14 C incubations were performed over a full light-dark period (24 h). The 14 C carbonate was added at the start of the light period at 0.4 MBq L À1 . At 3 h intervals, 5 mL samples were taken for total and biochemically fractionated 14 C incorporation. During the light period only, cumulative short-term 14 C incubations were performed in order to estimate the gross rates of carbon incorporation into the different pools and compare it with the rates estimated from the long-term incubations. At t = 0, 3, 6 and 9 h, a culture 
Analyses
Major nutrient analyses
The concentrations of nitrate, phosphate and silicate were determined on board using a Technicon II Autoanalyser following standard methods (Hartmann et al., 2000) .
Iron analyses
Samples were acidified to pH <2 with ultraclean quartz distilled concentrated nitric acid. Total dissolvable iron (unfiltered) was measured onboard using a flow injection technique with inline pre-concentration on a chelating resin followed by chemiluminescence detection (FIA-CL) (De Jong et al., 1998) .
Chl a analyses
Immediately after sampling, 1000 mL samples were filtered on a Whatman GF/F filter. The filters were ground in 10 ml 90% acetone, extracted at 4 C for 2 h, and centrifuged. The extract fluorescence was measured before and after acidification with 1 N HCl using a Turner Design Model 10-AU digital fluorometer. The Chl a concentration was calculated according to Arar and Collins (Arar and Collins, 1992) .
Cell numbers and species composition
Cell numbers in the laboratory cultures were determined with a Bürker hemocytometer as the mean of four counts with a coefficient of variation of 5-10%. For cell numbers and species composition in field samples, 250 mL samples were preserved in lugol of 0.5% final concentration. Cell counts and biovolumetric estimates were done on an inverted microscope (Olympus IMT-2), with at least 200 observations per sample. The biovolume was calculated by means of a species-specific function for the relationship between the cell volume and the length or diameter of the cell, which were measured with an ocular micrometer (Koeman, 1999) .
Carbohydrate analyses
Samples of 10 mL (laboratory cultures) to 4000 mL (field samples) were filtered through pre-combusted (350 C) 25 mm GF/F Whatman filters under gentle vacuum pressure (<200 mm Hg). The filters were stored at À20 C until analysis. They were extracted in water (Milli-Q) in sealed glass test tubes placed in a water bath for 1 h at 80 C. Afterwards, the tubes were cooled and centrifuged for 5 min at 715 g. The total carbohydrate concentration and the mono-and polysaccharide concentration in the extracts were determined with the colorimetric TPTZ-method described by Myklestad et al. (Myklestad et al., 1997) , with minor modifications. D(+)-glucose was used as the standard.
Neutral aldose composition analysis
Part of the hot water extracts was freeze-dried (Labconco Freezone 4.5). Subsequently, the aldose composition was determined according to Kamerling and Vliegenthart (Kamerling and Vliegenthart, 1989) . Briefly, the samples were subjected to methanolysis (1.0 M methanolic HCl, 24 h, 85 C) prior to the analysis of the trimethylsilylated (N-reacetylated) methyl glycosides on a gas chromatograph (Varian 3600) equipped with a 0.32 mm diameter, 30 m length capillary column (DB-1, J & W Scientific) and a flame ionization detector (FID). Identification and calculation of relative composition of sugar derivatives were performed by comparison with standards (Sigma). Arabinose could not be analysed due to peak interference.
TCO 2 analysis
For the culture experiment, samples were filtered over a Whatman GF/F filter. The filtrate was analysed on a Tekmar-Dohrmann Apollo 9000 carbon analyser with Na 2 CO 3 as an internal standard. After acidification to pH 2, samples were sparged with inert gas (high quality CO 2 -free synthetic air), and produced CO 2 was swept through a moisture control system and a halogen scrubber. The CO 2 concentration was measured using an infrared detector.
For field samples the TCO 2 , i.e. the sum of all carbonate species, was determined with the coulometric method after Johnson et al. ( Johnson et al., 1987) as slightly modified by Robinson and Williams (Robinson and Williams, 1992) and Stoll (Stoll, 1994 
Biochemical fractionation of incorporated 14 C
The samples (field: 225 mL, lab: 5 mL) were filtered on pre-combusted (350 C) 25 mm GF/F filters under gentle vacuum (50 mm Hg) and purged of inorganic 14 C by acidification (exposing the filters to concentrated HCl vapour in a vacuum exsiccator for 30 min) and stored at À20 C. Biochemical fractionation was performed by a modification of the method of Li et al. (Li et al., 1980) with additional separation of the 'low-molecular-weight' (low-MW) fraction into a basic fraction (including amino acids, purines, pyrimidines) denoted 'amino acids' and an acid/neutral fraction (including b-1,3-glucan, monosaccharides, organic acids) denoted 'glucan' Myklestad, 1999, 2001) . The sum of the calculated amounts of 14 C in all biochemical fractions was on average 98% of the measured total amount of 14 C fixed. The inorganic carbon assimilation rate (dC/dt) was calculated according to Geider and Osborne (Geider and Osborne, 1992) :
where d 14 C/dt is the rate of 14 C fixation, 14 C med is the total amount of 14 C added to the culture (the total activity of NaH 14 CO 3 divided by the specific activity), C med is the TCO 2 concentration and f is the carbon isotope discrimination factor (1.06).
R E S U L T S Field experiments
General
The different regions studied were distinct in the concentrations of major nutrients, especially of silicic acid which was up to 70 mM at the marginal ice zone (MIZ) and as low as 5 mM at the Antarctic Polar Front (APF) (Hartmann et al., 2000) . In correspondence, in experiments performed at the APF the initial silicic acid concentrations were lowest, 5.4-16.1 mM, compared with 44.5-57.6 and 65 mM in experiments performed in the Antarctic Circumpolar Current beyond the influence of frontal systems (hereafter simply ACC) and at the MIZ, respectively (Table I) . Nitrate concentrations were high in all regions and varied between 24-28 mM in the experiments; phosphate concentrations were 1.4-1.8 mM. Dissolved iron concentrations in the research area varied between 0.05-0.80 nM, being slightly higher at the APF ). For the experiments, initial concentrations were 0.15-0.68 nM without a clear difference between the experiments of the different regions.
The Chl a concentration varied between 0.3-0.6 mg L
À1
in APF experiments, between 0.15-0.27 in ACC experiments and was 0.07 for the experiment performed with MIZ water (Table I ). Total phytoplankton cell counts varied from 100 000 to 500 000 cells L À1 (Table I ). There were distinct differences in species composition between the different geographic regions (Figure 2 ). At the APF the phytoplankton community was dominated by diatoms (bacillariophyceae), at an abundance up to 190 000 cells L À1 , thereby contributing 30% to the total cell number and 90% to the total biovolume. The most abundant diatom species was Fragilariopsis kerguelensis, followed by Pseudonitzschia sp. and Chaetoceros sp. A more detailed overview of the species composition at the APF during the same cruise has been presented by Van Oijen et al. (Van Oijen et al., 2003) . Diatom abundance was much lower in ACC waters (<15 000 cells L À1 ) where they contributed <10% to the total cell number but nevertheless 70% of the total biovolume. Here, small chrysophytes, chrysomonadales and Dinophyceae were numerically dominant. At the MIZ, the low phytoplankton abundance was dominated by diatoms which contributed 50% to the total cell number and >95% to the total biovolume. Haptophyceae, mostly Phaeocystis sp., were proportionally more abundant at the APF and the MIZ than in the ACC (Figure 2) . The difference in species composition between regions was reflected in the average cell volume: 1800 mm 3 and 2500 mm 3 for APF and MIZ where large diatoms were dominant and only 500 mm 3 for the ACC. Patterns of carbon incorporation showed only minor differences between regions. Below we provide a detailed description of these patterns for one region, the APF, and subsequently make a brief comparison with the other regions.
Carbon incorporation at the APF
The diurnal carbon incorporation rate in incubations performed with phytoplankton sampled at the APF was strongly dependent on irradiance but did not change in response to Fe addition for any of the pools ( Figure 3A-E) . The net diurnal production rate of glucan was almost 6 times higher at high compared with low irradiance (Table II) . In contrast, the diurnal carbon incorporation rates into proteins and amino acids were less than two times higher. Thus, the relative incorporation into the different fractions was strongly dependent on the irradiance. At high irradiance 60% of the total carbon fixed was incorporated into glucan during the light period, whereas at low irradiance it was only 33%. The glucan fraction showed strongest diel dynamics and decreased at night, whereas protein synthesis continued during the dark period at both high and low photon irradiance. Consequently, the relative contribution of glucan decreased to 48 and 24% at high and low irradiance, respectively. The levels of carbon incorporated into amino acids, lipids and polysaccharides remained relatively constant over the dark period. Notably, incorporation into the lipid fraction was low at all treatments.
For the high photon irradiance, the amounts of waterextractable mono-and polysaccharides in the particulate fraction were measured at the beginning and end of the light period (Figure 4) . The mean amounts per unit of Chl a were significantly different between the morning and the afternoon at a 95% confidence level (two-factor ANOVAs with iron level and time of day as factors). The diurnal increase in polysaccharides, that probably mostly consist of storage carbohydrates, was more pronounced than the increase in monosaccharides. Consequently, the ratio of poly-to monosaccharides increased from 1.4 to 1.8 during the day. There was no significant effect of iron addition on the carbohydrate concentration. The diurnal increase in the amount of carbohydrates was mainly caused by an increase in glucose ( Figure 5) ; the amounts of other neutral aldoses were lower and hardly increased. The contribution of glucose to the total amount of neutral aldoses increased during the light period from 46 to 63%. Its relative contribution was again not significantly dependent on iron.
Comparison with ACC and MIZ
The average diurnal carbon assimilation per litre of seawater at the APF was 7400 and 2200 mg C, at high and low photon irradiance, respectively. In agreement with the lower Chl a biomass encountered, the carbon assimilation in the ACC and the MIZ were, respectively, 2-and 4-fold lower, at both light intensities. The Chl a-specific rates of carbon incorporation were similar for all regions at both light intensities (Table II) . Furthermore, the patterns of incorporation were the same (in Table II glucan and proteins are presented) and for the APF and the ACC no effect of iron addition was evident. For the MIZ, the carbon incorporation was highest in the iron enriched bottles, but this does not warrant much interpretation since only one experiment was performed. When all experiments were combined, a strong correlation between the total diurnal C incorporation and the Chl a concentration was found at both light intensities (Pearson product moment correlations, HL: r = 0.96, n = 8; LL: r = 0.96, n = 8). The correlation between glucan-C incorporation and Chl a was also strong (HL: r = 0.97, n = 8; LL: r = 0.95, n = 8).
The Chl a-specific water-extractable amount of polysaccharides measured by chemical analysis was similar for APF and ACC samples: 16 versus 18 mg mg À1 , respectively, in the morning; 28 versus 32 mg mg À1 in the afternoon and no significant effect of iron addition. The neutral aldose composition of the water-extractable carbohydrates (GC analysis) in ACC samples was also 
Laboratory experiment
In Figure 6 the patterns of 14 C assimilation into the different biochemical pools are presented for a laboratory experiment with cultures of C. brevis. During long-term incubations (filled circles), 43% of the newly assimilated carbon was incorporated into glucan at the end of the light period and 7% into amino acids; 30% was incorporated into proteins, 18% into polysaccharides and lipids contributed only 2%. The contributions of glucan and amino acids fractions were relatively low compared with contributions in the natural phytoplankton populations that were kept at the comparable irradiance (Figure 3 , HL, open circles). The amount of carbon incorporated into the glucan fraction decreased strongly during the dark period ( Figure 6A ), stronger than during the experiments with the natural populations ( Figure 3A) . As observed for the natural populations, protein synthesis continued during the dark period and lipid synthesis stopped ( Figure 6C,D) . For the amino acids fraction, the plot of carbon incorporation versus time exhibited a strong downward concavity over the light period for the long-term incubations but not so for the cumulative short-term incubations ( Figure 6B ). The estimated diurnal rate of carbon incorporation was significantly higher if based on the latter type of incubations, 28 versus 17 fg C cell À1 h À1 (one-way ANOVA, P < 0.05). In contrast, for the proteins fraction the estimate was significantly lower, 55 versus 73 fg C cell À1 h À1 (one-way ANOVA, P < 0.05) ( Figure 6C ). For the glucan, lipid and protein fractions there were only minor differences in the estimated diurnal carbon incorporation based on long-term or cumulative short-term incubations.
As observed for the 14 C incorporation into the glucan fraction, the water-extractable polysaccharide concentration in the particulate fraction determined by chemical analysis (TPTZ method) showed a diel pattern (Figure 7 ). This pattern was more clearly visible in the cellular polysaccharide content than in the monosaccharide content. Hence, the ratio of polysaccharides to monosaccharides increased from 3.2 to 6.6 over the light period.
D I S C U S S I O N
It is clear that the populations we encountered in the Southern Ocean were not predominantly iron-limited during austral Autumn. The fact that patterns of photosynthate allocation did not change after iron addition does in itself not exclude iron limitation. Van Leeuwe et al. (Van Leeuwe et al., 1997) did not observe a change in these patterns either, despite a clear iron response in POC and Chl a synthesis and in the consumption of major nutrients. Apparently, the Antarctic phytoplankton studied by these authors in austral summer endured low iron concentrations by maintaining physiological processes at low activity rates. However, in contrast to their study made in austral summer, iron addition did not result in an increase in the rates of total carbon assimilation and carbohydrate production. Furthermore, for all field measurements made during our cruise the correlation between Chl a and iron concentrations was weak, much weaker than observed during summer (Croot and De Jong, 2000) . Altogether, this suggests that another factor was limiting phytoplankton growth at this time of year and caused the differences in phytoplankton abundance between regions. Light availability is a likely candidate. The light climate was no doubt unfavourable for phytoplankton growth because the incident irradiance was low during the time of the cruise: irradiance varied between no more than 2-10 MJ m À2 day À1 at the sea surface. Furthermore, the mixed layer was deep, 50-100+ m due to high wind speeds and frequent storms (Strass and Leach, 2000) . We observed that phytoplankton production was strongly light-limited at a photon irradiance of 20 mmol photons m À2 s À1 , which corresponds to the average irradiance at 20-45 m depth [based on During the time of the cruise, there was a distinct difference in mixing depth between regions. At the APF this depth was 50-60 m whereas in the ACC the mixing was sometimes in excess of 100 m (Strass and Leach, 2000) . This difference could not only explain the observed variations in phytoplankton abundance but also the variations in species composition. In a study in the Ross Sea, diatoms dominated in stratified waters and were less abundant where waters were mixed more deeply (Arrigo et al., 1999) . The diatoms were less capable of maintaining near-maximal photosynthetic rates at low irradiance levels than Phaeocystis antarctica. Indeed, during our cruise flagellates dominated the more turbulent waters of the ACC. However, we did not find a significant difference in the Chl a-normalized carbon assimilation rate between regions at the photon flux densities tested.
As an alternative, we suggest that the abundance of small phytoplankton was controlled by microzooplankton grazing in all regions whereas the grazing pressure on the sturdy diatoms (Hamm et al., 2003) was lower, so they became dominant where light conditions were sufficient to sustain enhanced growth rates. We do not have data to support this, but the role of differential grazing pressure has been emphasized previously for other High Nitrate Low Chlorophyll (HNLC) regions by Cullen (Cullen, 1991) and Banse (Banse, 1996) .
The low seawater temperatures may have set an upper limit to phytoplankton growth rates (Tilzer et al., 1986; Reay et al., 2001 ), but they alone cannot explain the low biomass encountered since high Chl a-specific rates of carbon incorporation were measured at ambient temperature and high irradiance. Limitations by major nutrients are unlikely in the ACC because nutrients were available at growth-saturating concentrations. Silicic acid concentrations were in fact lower at the APF, which may well be due to the high diatom abundance.
Although we can confidently state that the resident populations were not iron-limited at the photon flux densities that we used in our experiments, we cannot exclude the possibility that in situ phytoplankton production was co-limited by light and iron. At low photon flux densities, iron requirements are much higher (Raven, 1990; Sunda and Huntsman, 1997) . In the Pacific, Maldonado et al. (Maldonado et al., 1999) observed a strong increase in carbon fixation 24 h after iron addition when field communities were exposed to very low photon flux densities of 0.27-1.09 mol quanta m À2 day À1 . However, at an irradiance comparable with the one we applied, they did not observe a response to iron addition. If we extrapolate those results to the conditions during our cruise, co-limitation of iron and light is likely in regions where mixing is deep. Hence, the shallower mixing depth and concomitant increase in light availability at the APF may have decreased the iron requirement of phytoplankton, which would facilitate enhanced growth rates.
In addition, phytoplankton species that contributed little to the total cell numbers, e.g. diatoms in the ACC, may have been limited to some extent by iron availability. In other words a response to the iron addition of these species may not have been detectable in the overall community response during our experiments, which were short-term (48 h). Evidence that large diatoms can be iron-limited in the ACC has been provided by Timmermans et al. (Timmermans et al., 2001 ) who, during the same cruise, incubated monocultures of the diatom Chaetoceros dichaeta (>20 mm) in filtered natural seawater under the same irradiance. They estimated a half-saturation constant (K m ) for growth of 1.12 nM of dissolved iron, implying that this species is iron-limited at the ambient concentrations of the ACC. In contrast, a smaller diatom species, C. brevis, had a very low K m value, and thus a high affinity for iron so it was probably not iron-limited. This low iron requirement is in keeping with its high surface-to-volume ratio which is beneficial for iron uptake (Hudson and Morel, 1990) .
Consistency between 14 C incorporation in field and laboratory experiments
The fractionation method developed by Granum and Myklestad (Granum and Myklestad, 2001 ) was used for the first time on field samples and over a 24 h period. The method distinguishes biochemical pools with their own characteristic behaviours that illustrate the sequential steps of carbon incorporation. During the first three hours of the light period, carbon incorporation in amino acids was high. The strong downward curvature of the plot of the diurnal incorporation of 14 C into amino acids ( Figure 6B ) indicates a high turnover rate of these molecules that are needed as precursors for protein synthesis. The incorporation of labelled carbon into proteins was probably initially low ( Figure 6C ) due to the time it takes to synthesize amino acids. Over the remaining light period, the carbon incorporation into proteins showed a continuous rise, indicating a low consumption. The glucan pool showed a diel pattern with high production during the light period but a decrease during the dark period. This is consistent with its suggested role as a diel reserve supplying energy and carbon skeletons for continued protein synthesis at night (Cuhel et al., 1984) . Indeed, carbon incorporation into proteins proceeded at night albeit at a lower rate. Our field experiments showed that at low photon irradiance, the diurnal production of glucan was strongly decreased, much more than the production of any other pool. Probably at low irradiance the incorporated carbon was used directly for the synthesis of proteins and other metabolites and not accumulated in the form of glucan. In agreement, there was a relatively small difference in the diurnal rate of protein synthesis between the two photon flux densities.
To gain more insight into the dynamics of the glucan pool, we constructed a simple model to predict the glucan production and respiration during the light and dark period (Table III, see Appendix for details) . The model fits to the 14 C data were in good agreement with the dynamics in the total water-extractable carbohydrate concentration determined by chemical analysis, especially for the culture experiment with C. brevis (Figure 8) . The diurnal cellular glucan production rate (P d ) was highest for cells of the natural populations. This difference was likely related to the difference in cell volume, which was approximately 50 mm 3 for C. brevis and over 30 times higher for the field communities. The diurnal glucan consumption rate (R d ) was estimated to be 30-40% of the production rate for both the experiment with C. brevis and the field experiments (Table III) . The cellular nocturnal respiration rate (R n ) of glucan was 1.5-2.7 higher than the diurnal respiration rate (R d ). In contrast, using a different model and a different fractionation procedure, Lancelot and Mathot (Lancelot and Mathot, 1985) estimated higher rates of glucan respiration during the day than at night for a mixed diatom population in Belgian coastal waters. Another study found no difference in respiration between day and night (Foy and Smith, 1980) . More research is needed to resolve these differences.
When comparing the strong decrease in radioactivity in the glucan fraction during the dark period in the C. brevis cultures with the more modest decrease in radioactivity in the field experiments ( Figures 3A and 6A ), one might wonder why the relative proportions of the modelled diurnal and nocturnal respiration rate (R d and R n ) and the The growth rate applied to fit the model to the field data was based on two 6 day experiments under similar experimental conditions, during which cells were counted with a flow cytometer every 2 days (Van Leeuwe and Van Oijen, 2000) . b The model was fitted to the 14 C data using the equation editor of Sigmaplot 8.0. The fit was constrained by the values measured for the listed input parameters.
diurnal glucan production (P d ) are so similar for the field populations and the C. brevis cultures. However, a difference in the decrease in radioactivity does not imply that the respiration rate is different because the losses in radioactivity are proportional to R d multiplied by 14 C/C [see Appendix, equation (5)]. Since C is partly determined by the initial cellular amount of unlabelled carbohydrates (C 0 ) and C 0 was much higher for cells of the natural phytoplankton populations, only a small proportion of the total glucan-C pool was labelled in these populations at the end of the light period. Therefore, much unlabelled carbon was respired relative to 14 C. The initial pool size was probably related to the cell volume.
Notably, the contribution of the glucan and amino acids fractions to the total 14 C incorporation was relatively high in the field experiments compared with the experiment with C. brevis. This is consistent with the suggestion of Thomas and Gleitz (Thomas and Gleitz, 1993 ) that large, slowly growing diatom species incorporate high amounts of carbon into low molecular weight metabolites whereas small, fast growing species are characterized by a high carbon turnover associated with a rapid flow of newly assimilated carbon into polymeric compound classes.
The 14 C fractionation method we have used here can be further improved by separation of the storage polysaccharides and the monosaccharides by size fractionation. Especially monosaccharides play an important role in the regulation of the osmotic pressure in plant cells (Dickson and Kirst, 1987a, b) . Indeed, the cellular monosaccharide content remained more or less constant throughout the day (Figures 4 and 7) and the ratio of monosaccharides to polysaccharides was much higher in the small C. brevis cells than in the field samples. The model could be further developed to include these two pools. In addition, especially at high irradiance, part of the diurnal loss of water-extractable carbohydrates may not be related to respiration but to extracellular release of carbohydrates as an overflow mechanism. The model should be adjusted to differentiate between these loss processes. A further improvement of the model could be to include synchronized cell division if observed. This requires more data on changes in cell number during the course of the experiment. A lack of these data was the main source of uncertainty in the model output for the field experiments.
C O N C L U S I O N
Our study indicates that the resident phytoplankton in the Southern Ocean during austral Autumn is controlled by the low light rather than by iron limitation. The higher production and domination by diatoms at the Antarctic Polar Front can be explained by a more favourable light climate due to the relatively high vertical stability of the water column that we encountered, possibly in combination with differential grazing pressure on the various size classes in the phytoplankton. Especially in the Antarctic Circumpolar Current diatoms could be co-limited by iron and light, but direct evidence for this dual control cannot be presented here. The diurnal carbohydrate production was highest at the Antarctic Polar Front, which may have influenced other components of the ecosystem. Indeed, not only production of storage carbohydrates (in diatoms mainly consisting of glucose) can be higher but also the production of complex exopolysaccharides that are known to contribute to the water-extractable carbohydrate fraction [Hama and Handa (Hama and Handa, 1992 ) and Figure 5 ]. A considerable part of these carbohydrates is usually excreted and ends up in the water column to become a carbon source for bacteria (Benner et al., 1992; Pakulski and Benner, 1994; Biddanda and Benner, 1997; Hama and Yanagi, 2001) . Hence, if carbohydrate production in a certain region is affected, this may have consequences for the microbial food web. In fact, the highest heterotrophic acitivity was documented at the APF during the same cruise (Simon et al., 2000) . The next step in our study programme would be to explore this link. 
A P P E N D I X I. Intracellular carbon dynamics
We assume that the incorporation of carbon into the intracellular glucan pool is governed by the differential equation:
where C is the cellular glucan amount in carbon units and P and R are the production and respiration rate of glucan, respectively. P and R are assumed to be given by the constants P d and R d during the light period (0 t < 12) and by P n = 0 and R n during the dark period (12 t < 24). For the light period, (2) has the solution
where C 0 is the intracellular glucan content at the beginning of the light period. The cellular glucan content at the beginning of the dark period is C 0 n = C 0 + (P d À R d ) . 12, implying that the nocturnal solution of (2), C(t) = C 0 n + (0 À R n )(t À 12) can be written as
As a consistency requirement, we imposed the restriction P d = R d + R n , implying that the cellular glucan content at the end of the dark period equals that at the beginning of the light period [i.e. C(24) = C(0) = C 0 ].
II. Intracellular dynamics of
C
The dynamics of 14 C in the intracellular glucan pool is governed by the balance between 14 C uptake during production and 14 C losses due to respiration. Uptake of 14 C is proportional to P d . 14 C med /C med (Dring and Jewson, 1982) , where 14 C med and C med are the concentration of labelled and total carbon in the external medium, respectively. Similarly, losses of 14 C are proportional to R d . 14 C(t)/C(t), where 14 C(t) and C(t) are the intracellular concentrations of labelled and total carbon at t = 12. For the light period, we get:
which, upon insertion of (3) can be written as:
Equation (6) 
implying that the proportion of 14 C in the cellular carbon pool, 14 C(t)/C(t), asymptotically approaches 14 C med /C med , the proportion in the external medium. In the dark period, no carbon is assimilated, implying that the internal proportion of 14 C remains constant at 14 C(12)/C(12). Accordingly, 14 C is lost at the same rate as C, implying 14 CðtÞ = 14 Cð12Þ
Cð12Þ Á CðtÞ ð12 t < 24Þ
III. Total concentration of C and 14
To obtain the total amount of C at time t, C tot (t), the carbon content per cell, C(t), has to be multiplied by N(t), the number of cells at time t. We assume that the cell population grows exponentially with growth rate m, i.e. N(t) = N 0 e t , implying
There is, however, a potential problem with this formulation, since it implicitly assumes that all cells have the same intracellular carbon dynamics, thereby neglecting age differences between cells. Assume, for example, that all cells that are produced anew start with a carbon content C 0 . At the start of the day (t = 0), all N 0 cells have a carbon content C 0 and the carbon content of these preexisting cells is C(T ) = C 0 + (P À R)T at time T. However, at time T there are also other cells present that have been newly produced in the time interval [0,T ] . Consider those cells which are of age t (0 < t < T ) at time T and, hence, were produced T -t time units ago. These cells were, at that time, produced at a rate N(T À t) = . N 0 e (T À t) and they have, at time T, achieved an intracellular carbon concentration C(t) = C 0 + (P À R)t. The average intracellular carbon concentration C CðT Þ of all the various age classes is given by:
Inserting the terms for N(T -t) and C(t) and simplifying yields C CðT Þ =
which, after integration, further simplifies to C CðT Þ = C 0 þ ðP À RÞ 1 ð1 À e ÀT Þ ð12Þ
If mT << 1, the last term in (12) is close to T:
implying that C CðT Þ % C 0 þ ðP À RÞT = CðT Þ. Hence in a slowly growing population, age structure has a negligible effect on the cellular carbon dynamics. For larger values of m, equation (9) for carbon concentration at time t should be replaced by C tot ðtÞ = N ðtÞ Á C CðtÞ = N 0 e t C 0 þ ðP À RÞ 1 ð1 À e Àt Þ
Similarly, the 14 C dynamics can be affected by age structure implying that the C in equation (5) has to be replaced by C C. However, for our parameter constellation equations (5) and (9) provide reasonable approximations.
